ABSTRACT We investigate the proposal that integrins and focal adhesion kinase (FAK) form a complex that has structural and signaling functions in eggs. FAK protein is present in eggs and is phosphorylated at fertilization. pY 397 FAK localizes to the membrane 30 min after fertilization, which correlates with the expression of βC integrins and egg cortex development. The βC integrin and pY 397 FAK coimmunoprecipitate from egg cortex lysates. PF573 228 and Y11, inhibitors of FAK, interfere with pronuclear fusion and reduce the abundance of pY 397 FAK and cortical actin without affecting microvillar actin. Cyclin E normally accumulates in the nucleus 15 min after fertilization, then returns to background levels. PF573 228-or Y11-treated eggs accumulate cyclin E in the nucleus; however, levels remain high. In addition, PF573 228 interferes with the accumulation of pERK1/2 in the nucleus and in eggs initiating mitosis. Injection of eggs with a fusion protein consisting of the focal adhesiontargeting domain of FAK fused to green fluorescent protein interferes with cortex formation and produces abnormal nuclei. These data indicate that an integrin-FAK adhesion complex forms at the egg surface that functions in formation of actin arrays in the egg cortex and provides signaling inputs for cell cycle initiation.
INTRODUCTION
The eggs of a range of animals have been demonstrated to express integrins, and in numerous organisms mRNA encoding integrin subunits is stored as maternally derived mRNA (Lallier et al., 1994) . Expression of integrins on eggs before fertilization has led to thorough studies of a role in sperm-egg adhesion (Evans, 2009 ). In addition, there are indications that expression of integrins is necessary during early development (Brakebusch et al., 1997) . It is unclear, however, why eggs express integrins and what aspect of the function of these versatile and adaptable molecules is required during the specialized processes of early embryogenesis.
The egg cortex has several distinguishing properties that indicate that it is a specialized region of cytoplasm that includes the plasma membrane, an associated three-dimensional matrix of filamentous actin, and specialized elements of the endoplasmic reticulum (Sardet et al., 2002) . Although identified by early microscopists, the cortex only really became recognized when it was shown to retain many of its functions upon isolation (Mabuchi and Sakai, 1972; Vacquier, 1975; Schatten and Mazia, 1976) . Dynamic changes in the mechanical properties of the cortex, such as stiffness and contractility, highlight a structural role (Chambers and Chambers, 1961; Sardet et al., 1989; Mandato et al., 2000) . The cortex also has a role in localization of maternal mRNA and protein determinants, which emphasizes its critical role in development of the embryo (Elinson et al., 1993; Weitzel et al., 2004; Sardet et al., 2005; Whalen et al., 2012) . The wide range of organisms that appear to have a that are dispersed throughout the cytoplasm. In eggs fixed 90 min after fertilization, the cells are in early mitosis and FAK immunoreactive granules are in the cytoplasm and the cortex ( Figure 1A ). Cortical FAK is most clearly revealed as regions of higher fluorescence intensity in profile plots along a radius of the egg ( Figure 1C ). In contrast, in similar preparations with antibodies that recognize only FAK phosphorylated at a tyrosine residue in the activation loop (pY 397 FAK; the activation loop is structurally conserved in sea urchin but is located between amino acids 450 and 475; Garcia et al., 2004) , immunoreactivity is restricted to the egg cortex ( Figure 1B ). In preparations with anti-pY 397 FAK, it is clear in images and radial intensity profiles that pY 397 FAK is restricted to the egg plasmalemma and surface microvilli (Figure 1, B and D) . In unfertilized eggs, pY 397 FAK also localizes to thin, discontinuous patches of cortex (Figure 2 ). These data indicate that FAK protein is present in eggs and pY 397 FAK is restricted to the egg cortex.
The egg cortex undergoes rearrangement immediately after fertilization and during the first cell cycle (Wong et al., 1997) . We asked how the distribution of pY 397 FAK correlates with changes in the distribution of filamentous actin and pMyosin light chain (pS 19 MLC) between fertilization and 90 min. In unfertilized eggs, filamentous actin forms a thin, continuous layer associated with the membrane. In the first 30 min, the microvillar actin becomes more robust, and radially oriented actin filaments project 10-15 μm into the cortex (Figure 2 
FAK associates with integrins in the cortex
It was previously demonstrated that βC-containing integrins are expressed within 30 min of fertilization and associate with the surface of the egg (Murray et al., 2000) . Immunoprecipitates of detergentsolubilized egg cortices were used to determine whether pY 397 FAK is physically associated with βC integrins. Using 1B10, a monoclonal antibody that binds the cytoplasmic domain of the βC subunit (Murray et al., 2000) , in immunoprecipitations and subsequently probing with the same antibody, we identified a single band migrating at ∼110 kDa in the egg cortex lysates and the bead fraction ( Figure 3 ). When probed with anti-pY 397 FAK, a band at ∼125 kDa is revealed. In the reciprocal arrangement using anti-pY 397 FAK, egg cortex lysates have an immunoreactive band at 125 kDa and similar bands in samples of material bound to beads in immunoprecipitates where either anti-pY 397 FAK or anti-βC (1B10) was used as the primary antibody. Thus antibodies to βC integrins immunoprecipitate distinctive egg cortex suggests that it is a fundamental feature of animal development.
Urchin eggs were demonstrated to express integrins before fertilization, and they appear to be proteolytically removed as part of the cortical reaction during fertilization. Using antibodies to subunits, Murray et al. (2000) and Burke et al. (2004) documented aspects of the expression of integrins and demonstrated that integrin proteins are reexpressed within 30 min. Interfering with expression of the βC subunit reduced cortical arrays of actin, leading to the suggestion that integrins form a complex at the cell surface where they bind ligands in the hyaline layer and that the cortex of the sea urchin egg is anchored to a focal adhesion-like complex at the cell surface (Burke et al., 2004) . Thus egg integrins and their associated adhesion complex may be critical components of the egg cortex.
Focal adhesion kinase (FAK) is expressed in early urchin development (Garcia et al., 2004) . The demonstration by Garcia et al. (2004) that FAK is present in blastomeres at the apical surface prompted the hypothesis that FAK may interact with the βC integrins that are also expressed apically. Recently a role in cleavage has been postulated (Schumpert et al., 2013) . Here we report that FAK is a component of this egg surface complex and is activated immediately after fertilization. We use small-molecule inhibitors and dominant-negative proteins to establish a requirement for FAK function in the elaboration of actin arrays in the cortex of the fertilized egg and show that FAK has a critical input into the pathways regulating reinitiation of the cell cycle.
RESULTS

FAK is activated at fertilization and redistributes to the egg cortex
Antibodies that recognize FAK without regard to its phosphorylation state indicate that eggs contain immunoreactive granules first cleavage ( Figure 4C) . In experiments in which treatment with either Y11 or PF573 228 does not begin until 30 min after fertilization ( Figure 4D ), ∼45% of eggs treated with Y11 complete first cleavage, but subsequent cleavages are abnormal and embryos fail to develop. PF573 228 blocks cleavage of eggs even when added after pronuclear fusion. We conclude from these experiments that inhibitors of FAK interfere with aspects of normal development during initiation of the first cell cycle.
We evaluated the reorganization of cortical actin in eggs treated with PF 573 228. In eggs fixed 90 min after fertilization, filamentous actin is in the microvilli that project 2-3 μm above the surface of the egg and in radially oriented arrays that project 5-6 μm into the cytoplasm ( Figure 5 ). In eggs treated with PF573 228 or Y11, there is overall reduction in the abundance of cortical actin, as measured by fluorescent-phalloidin binding ( Figure 5 , A-C and J). Eggs treated with either inhibitor have microvillar actin that is similar to controls, but the cortical arrays of actin are significantly shorter in preparations of treated eggs ( Figure 5 , A-C and K 
FAK inhibitors interfere with pronuclear fusion and cortex development
PF573 228 is a small-molecule inhibitor of FAK that binds in the ATPbinding pocket and interferes with the catalytic activity of FAK (Slack-Davis et al., 2007) . Unfertilized eggs treated with PF573 228 for 30 min before insemination appear to fertilize normally. Sperm adhere, the fertilization envelope and hyaline layers appear, and a single sperm nucleus enters the cytoplasm. The sperm head fails to swell to the same extent as in control preparations, however, and is often distant from the nucleus of the egg (Figure 4 , A and B). By 60 min, the male pronucleus in PF573-228 treated eggs fails to fuse with the female pronucleus, and treated eggs rarely complete first cleavage. Y11 is a small-molecule inhibitor unrelated to PF573 228 that binds to the Y 397 site of FAK and interferes with FAK function (Golubovskaya et al., 2012) . Eggs treated with Y11 are delayed in fusion of the pronuclei, but by 45 min pronuclear fusion is completed; only a small percentage of eggs, however, will complete the ∼90 min after fertilization ( Figure 6 , A and B). When eggs are treated with Y11, cyclin E immunoreactivity increases through the first 60 min after fertilization and remains higher than in controls after 90 min ( Figure 6B ). Kisielewska et al. (2009) also demonstrated that nuclear accumulation of cyclin E is sensitive to the MEK inhibitor U0126 and roscovitine, a cdk2 inhibitor. With our antibody-based assay, these inhibitors block the increase in nuclear cyclin E immunoreactivity in a manner that is distinct from the effects we observe when eggs are treated with inhibitors for FAK ( Figure 6C ). We conclude from these experiments that inhibition of FAK interferes with the processes that regulate the nuclear accumulation of cyclin E. The transient increase in cytoplasmic Ca 2+ at fertilization is believed to activate ERK1, which accumulates in the nucleus 4-5 min was a reduction in fluorescence intensity to 50-60% of control levels ( MLC when eggs were treated with either FAK inhibitor. Because integrin ligation is dependent on divalent cations, we rinsed fertilized eggs in calcium and magnesiumfree seawater and after 90 min examined the abundance and distribution of pY 397 FAK and actin ( Figure 5 , N-Q). Actin abundance is markedly reduced and restricted to the membrane, and pY 397 FAK immunoreactivity is reduced to background levels by the lack of extracellular divalent cations, which implies that integrin function is necessary. Treatment with PF573 228 or Y11 did not have an effect on the abundance and distribution of βC integrins, atypical protein kinase C, or Dishevelled (Dsh; Supplemental Figure S3 ). We conclude from these experiments that FAK inhibitors alter the abundance and distribution of cortical actin, pY 397 FAK, and pS 19 MLC and these components of the cortex depend on extracellular divalent cations.
FAK inhibitors interfere with nuclear accumulation of cyclin E and pERK1/2
As part of the mechanism by which the cell cycle is reinitiated in urchin eggs, it was demonstrated that calcium-dependent activation of ERK1 promotes accumulation of cyclin E/cdk2 in male and female pronuclei and entry into S-phase of mitosis (Kisielewska et al., 2009) . To determine whether signaling from cortical integrin-FAK complex is critical to this process, we used an antibody to cyclin E (Sumerel et al., 2001 ) to determine nuclear cyclin E abundance in the presence of a FAK inhibitor. Cyclin E immunoreactivity in the female pronucleus normally increases within the first 15 min after fertilization (Figure 6, A and B) . By 35 min, these levels return to background and remain so throughout mitosis. In eggs treated with PF573 228, there is no increase in nuclear cyclin E immunoreactivity until 60 min after fertilization, and cyclin E immunoreactivity remains high until brief accumulation of pERK1/2 in the nucleus 5 min after fertilization, which fades to background levels by 15 min after fertilization (Figure 7, A and B) . In eggs treated with PF573 228, the levels of nuclear pERK are about half of those in the control eggs. With immunoblots in which whole egg lysates were probed with anti-pERK1/2, we find a similar pattern; PF573 228-treated eggs have less detectable pERK1/2. These experiments indicate that inhibition of FAK kinase activity with PF573 228 interferes with the activation of pERK.
Dominant-negative FAK protein interferes with cortex development
As an alternative approach to interfering with the function of FAK, we injected unfertilized eggs with a portion of FAK believed to act as a dominant negative (Hildebrand et al., 1993; Ilic´ et al., 1998) FAK immunoreactivity and fluorescent phalloidin indicate lower levels than measured for GFP-injected eggs but levels higher than measured in FATD:GFP-injected eggs (Figure 8 , E, H, and K). An additional control was to fertilize eggs and inject them with FATD:GFP after 60 min. In these preparations, the eggs underwent normal cleavage and had normal asters and what appeared to be normal levels of cortical actin and pY 397 FAK after fertilization (Philipova et al., 2005; Zhang et al., 2005) . To determine whether inhibition of FAK activity is critical to ERK1 activation, we measured nuclear pERK through the first 30 min after fertilization. In untreated control eggs, we were able to measure chromatin decondensation of the sperm chromatin after pronuclear fusion. Our data suggest that FAK may have input into this pathway ( Figure 9 ). It is important to note, however, that the effect of blocking FAK with PF573 228 is distinctive, in that it blocks fusion of the male pronucleus, not only decondensation as reported by Philipova et al. (2005) . It is also important to note that the FAK inhibitors do not block nuclear accumulation of cyclin E; they appear to interfere with the phasic nature of the increase. Treatment with either inhibitor causes an accumulation through the first 90 min of development. This pattern is distinctive from the pattern immunoreactivity. From these experiments we conclude that injection of FATD:GFP and FAK:GFP interferes with elaboration of the actin cortex and FATD:GFP appears to interfere with aspects of mitosis.
DISCUSSION
Cytoplasmic activation of FAK regulates pronuclei and cell cycle
Our data confirm that FAK protein is present in the egg (Garcia et al., 2004) and demonstrate that it is phosphorylated at Y 397 while in the cytoplasm within the first 5 min of development. This immediate response to fertilization suggests that FAK may have a role in early developmental events. Treating eggs with FAK inhibitors during the interval that FAK is cytoplasmic interferes with pronuclear fusion and alters the pattern of nuclear accumulation of cyclin E. There are detailed studies of the mechanisms underlying the reinitiation of the cell cycle in urchin eggs (Philipova et al., 2005; Kisielewska et al., 2009) . Kisielewska et al. (2009) demonstrated that Ca 2+ activation of ERK1 promotes the coordinate accumulation of GFP-cyclin E and GFP-cdk2 in the egg pronucleus. In addition, their data indicate that cdk2 activity downstream of ERK1 activation is necessary for the initiation of S-phase and DNA synthesis. Philipova et al. (2005) note that inhibition of ERK1 prevents of nuclear cyclin E seen with inhibitors of MEK or cdk. Thus our data indicate that during the first 15 min after fertilization, FAK has input into pronuclear fusion, enhances nuclearization of pERK, and is necessary for down-regulation of nuclear cyclin E (Figure 9 ).
Integrin and FAK are components of a cell surface adhesion complex
Within 15 min after fertilization, pY 397 FAK begins to accumulate in the cortex and then at the egg surface. Previously it was demonstrated that βC-containing integrins appear on the membrane of the egg between 15 and 30 min after fertilization (Murray et al., 2000; Burke et al., 2004) . Thus there is coordinate localization of integrins and pY 397 FAK immediately after fertilization. The immunoprecipitation data establish that integrins and FAK are part of a molecular complex at the surface of the cell. Treating eggs with small-molecule inhibitors of FAK indicate a key role for FAK in formation of the egg abundance or distribution of Par6 in eggs treated with PF573 228 (Supplemental Figure S3) . Similarly, Dsh is a protein essential to axis specification in urchin eggs that is restricted to the vegetal cortex (Weitzel et al., 2004) . Interfering with the elaboration of the actin cortex appears not to affect the distribution of Dsh (Supplemental Figure S3 ). The dissociation of the pathways that operate in the egg cortex reveals the complexity and independence of the signaling that occurs there.
Egg surface adhesion complex functions like a focal adhesion
FAK is well established as a mediator of adhesion signaling (Hall et al., 2011) , but this is most commonly encountered in somatic cells at specialized adhesion complexes. We propose that a structure analogous to focal adhesions forms at the surface of the egg and serves as the interface between the extracellular matrix and the cytoskeleton (Figure 9 ). Integrin ligands have been identified in the extracellular layers of the fertilized egg (Alliegro and Alliegro, 2007; Zito et al., 2010) . Del-domain proteins are secreted from the egg within minutes of fertilization, producing the hyaline layer (Matese et al., 1997) . This layer is well established as an essential extracellular material to which cells adhere (Burke et al., 1998; Wessel et al., 1998) . After 15 min, pY 397 FAK localizes to the membrane at the same time integrins are expressed, ligands are secreted, and cortical arrays of actin form. pMyosin also appears to be recruited to this complex. In somatic cells, FAK is activated by integrin clustering, phosphorylated, and recruited to focal adhesions. In eggs, FAK is activated in the cytoplasm and appears to be recruited in a phosphorylated form to the cell surface complex. Signaling from focal adhesions in somatic cells is necessary for cell cycle progression (Damsky and Ilic´, 2002) . Adhesion complex signaling provides input to the mitogen-activated protein (MAP) kinase pathway that complements and is essential for cell cycle progression (reviewed by Lee and Juliano, 2004) . The results of our loss-of-function experiments indicate a similar role for the egg surface integrin-FAK adhesion complex. Using two small-molecule inhibitors that target different aspects of FAK kinase function and injection of dominant-negative proteins, we consistently found interference with elaboration of the egg cortex and aspects of mitosis. Thus we propose that an adhesion complex forms at the surface of the sea urchin egg that is analogous structurally and functionally to the focal adhesion complexes of somatic cells.
There are several indications that egg surface coats and surface molecules are remarkably different (Vacquier, 1998) . Integrins have been reported, however, on the surface of eggs of a range of species (DeSimone and Hynes, 1988; Gawantka et al., 1992; He et al., 2003) . Functions associated with fertilization have been examined in detail (reviewed by Evans, 2009 ). Yet the presence of integrins in eggs as maternal message implies a function in early development. Some integrin subunits appear to be necessary for early development of mammalian eggs (Fassler and Meyer, 1995; Stephens et al., 1995) , but their role during cleavage stages is unclear. Given that the eggs of diverse species commonly have a cortex with oftenrobust arrays of actin (Sardet et al., 2002) , it is possible that the expression of an integrin-FAK complex in eggs, as demonstrated in urchins, is a common feature of metazoan eggs.
MATERIALS AND METHODS
PF573 228 and Y11 were from Tocris Bioscience (Ellisville, MO), and roscovitine and U0126 were from Sigma-Aldrich (St. Louis, MO). Anti-pSer 19 -myosin light chain 2 was from Cell Signaling Technology (Beverly, MA). FAK (pY397) rabbit polyclonal antibody, Alexa cortex. Treating eggs with either inhibitor reduces levels of pY 397 FAK. Previous studies indicated that the inhibitors reduce the capacity of FAK for autophosphorylation at Y 397 (Slack-Davis et al., 2007; Golubovskaya et al., 2012) . Phosphorylation of FAK at Y 397 is believed to be a necessary component of activation of kinase activity (Cox et al., 2006) . Our data indicate that after 15 min most of the active FAK is at the cell surface. Together these data indicate that within 30 min of fertilization, an adhesion complex containing βC integrins and pY 397 FAK localizes to the surface of the egg. Treating eggs with FAK inhibitors has an effect on the formation of the actin arrays in the egg cortex. The inhibitors appear not to have an effect on the actin cores of egg surface microvilli, yet they significantly reduce the amount and distribution of filamentous actin in the cortex. FAK is believed to have scaffolding functions in adhesion complexes, where the FATD domain is believed to interact with paxillin and talin (Chen et al., 1995; Scheswohl et al., 2008) and indirectly anchor actin (reviewed by Hall et al., 2011 (Pasapera et al., 2010; Santos et al., 2011) . The small-molecule FAK inhibitors that we used indicate that FAK functions in the cortex of eggs in a conventional role; it is part of a membrane-associated complex that functions in elaboration of cortical actinomyosin arrays.
As an alternative approach to interfering with FAK function with small-molecule inhibitors, we used a dominant-negative form of FAK. Expression of the focal adhesion-targeting domain, a carboxyterminal four-helix bundle, interferes with the function of endogenous FAK by competing for binding and disrupting scaffolding function (Ilic´ et al., 1998) . Our experiments indicate that FATD:GFP protein significantly reduces cortical actin and pY 397 FAK and produces aberrant nuclear shapes. Full-length FAK:GFP produces a smaller but significant decrease in actin fluorescence in the cortex. Control preparations indicate that the effect is specific to injection of FATD:GFP or FAK:GFP and that the dominant-negative protein must be in the egg during the first 60 min of development to produce these effects. This is consistent with the dominant negative having an inhibitory effect during the formation of the cortex. Taken together, the coordinated appearance of cortex components and the loss of function, either with inhibitors or dominant-negative forms, is consistent with FAK having a critical structural role in formation of the egg cortex.
The cortex of somatic cells comprises a thin, actin-rich region beneath the membrane that is responsible for the mechanical properties of a cell (Salbreux et al., 2012) . Although an analogous structure, the egg cortex was recognized by early microscopists as a distinctive region of cytoplasm that extends up to 20 μm beneath the membrane (Sardet et al., 2002) . The cortex has dynamic mechanical properties, but, in addition, functions in the localization of egg determinants (Weitzel et al., 2004; Sardet et al., 2005; Tran et al., 2012) . Although FAK inhibitors appear to markedly reduce the actin cortex, there appears to be little effect on some protein components of the cortex. Par6 interacts with atypical protein kinase C (aPKC) and form a complex at the membrane associated with epithelial cell polarity (Alford et al., 2009 ). Yet there was no apparent difference in the ies, protein A/G beads were added, pelleted, and washed with immunoprecipitation buffer. After three washes, beads were resuspended in 1× PAGE sample buffer and the supernatant run on SDS-PAGE gels. An aliquot of lysate, immunoprecipitates with antiintegrin, anti-pY 397 FAK, an irrelevant antibody, or no antibody was run on the same gel, and an immunoblot was prepared with either anti-βC (1B10) or anti-pY 397 FAK. Images of the two channels of immunoblots were produced using Odyssey Imager software (LI-COR Biosciences, Lincoln, NE).
Dominant-negative constructs and protein expression
FATD:GFP, FAK:GFP, and GFP mRNA were prepared using an mMESSAGE mMACHINE SP6 Kit (Ambion, Austin, TX). Protein was expressed from RNA using an in vitro Protein Translation Kit (Thermo Scientific Pierce). Between 2 and 3 μg of mRNA was used as the initial template, and each 6-h reaction was spiked with 2 μg of mRNA at 2, 3, and 4 h. Fluorescence of expressed protein was confirmed and fluorescence quantified with ImageJ (National Institutes of Health, Bethesda, MD). Rhodamine B dextran was added to the protein solution before injection to confirm injections. Needles were filled with protein solutions so that 0.1-0.4 pg of the protein of interest was injected into each egg. Eggs were injected before fertilization or 60 min after fertilization and allowed to develop for up to 4 h, and embryos were prepared for immunofluorescence.
Image analysis
Quantification of fluorescence intensity was completed using ImageJ (MBF ImageJ 1.43m). Single, confocal optical sections were converted to grayscale before pixel intensity was measured. Mean pixel intensities were determined by selecting a small region of interest at five locations and recording the mean pixel intensity per unit area for at least 3 eggs/treatment. For measurements of fluorescence in the cortex and cytoplasm, a small square region of interest was used, and for measurements of nuclei, a circular area encompassing the entire nucleus was used. Microvillar and cytoplasmic actin length was determined using the line-drawing tool at 10 different locations per egg, and 4 eggs/treatment were analyzed. For pronuclear fusion and cell cycle progression experiments, 50 eggs/ treatment were scored. Intensity data and measurements were analyzed and graphed using Prism 5 (GraphPad, La Jolla, CA).
Fluor 488-and 568-phalloidin, Alexa Fluor 488 goat anti-mouse, and Alexa Fluor 568 goat anti-rabbit were from Invitrogen (Carlsbad, CA). Anti-pERK1/2 (pT202/pY204.22A), anti-Par6, and anti-α-tubulin were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to cyclin E were a gift from Bill Marzluff, University of North Carolina at Chapel Hill (Sumerel et al., 2001) . Murray et al. (2000) describe the anti-βC integrin antibodies 2D2 and 1B10. Anti-Dsh was generously provided by Athula Wikramanayake, University of Miami, Coral Gables. Anti-FAK was provided by Merrill Hille, University of Washington.
Adult Strongylocentrotus purpuratus were collected locally and kept in a recirculating seawater aquarium. Spawning was induced by intracoelomic injection of 0.55 M KCl or by shaking the urchin. Eggs were passed through a 150 μM Nitex filter, washed three times, and maintained at 13°C in filtered seawater. Sperm were collected dry and stored at 4°C.
For inhibitor experiments, eggs were incubated in 2.5 mM Y11 or 10 μM PF573 228 for 30 or 60 min before fertilization. Concentrations used were determined from published accounts (Slack-Davis et al., 2007; Golubovskaya et al., 2012) and by simple dose-response (cleavage after 2 h) experiments. We used the lowest concentrations of the inhibitors that consistently inhibited 50% of the eggs cleaving. The experiments with roscovitine and U0126 followed Kisielewska et al. (2009) . If inhibitors required dimethyl sulfoxide (DMSO) to dissolve, the control preparation contained an equal concentration of DMSO. We added 2 mM 3-amino-1,2,4,-triazole (ATA) 15 min before adding a 1:10,000 dilution of sperm to the egg suspension to block fertilization envelope hardening. To monitor effects on cell cycle progression, we treated washed eggs for 15 min in ATA before fertilization and added inhibitors 30 min postfertilization. To determine the effects of inhibitors on pronuclear fusion or cleavage, we fixed treated and untreated eggs at intervals and prepared them with DAPI. For each experiment, 50-100 eggs at each time point were scored for pronuclear fusion, and experiments were replicated at least three times.
Immunofluorescence
Embryos were fixed for 10 min in PEM (Vielkind and Sweirenga, 1989 ; 4% paraformaldehyde in 100 mM 1,4-piperazinediethanesulfonic acid, 5 mM ethylene glycol tetraacetic acid, 2 mM MgCl 2 , 0.2% Triton X-100, pH 6.8), washed with phosphate-buffered saline (PBS)-Tween (0.02% Tween 20, 1 mM Na 3 VO 4 , 1 mM NaF), resuspended in blocking buffer for 30 min (Superblock [Thermo Scientific, Waltham, MA] containing 0.03% Triton X-100, 1 mM Na 3 VO 4 , 1 mM NaF), and incubated at 4°C overnight in primary antibody diluted in blocking buffer. Embryos were rinsed three times in PBSTween (15 min), incubated in secondary antibody diluted in blocking buffer for 60 min at room temperature, and rinsed three times in PBS-Tween. Specimens were mounted 1:1 in SlowFade Gold Antifade Reagent with DAPI (Invitrogen), and images were collected using a Zeiss LSM 700 confocal microscope (Carl Zeiss, Jena, Germany).
Immunoprecipitates
Lysates of egg cortex (Walker et al., 1994) were prepared in an immunoprecipitation buffer: 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 25 mM Tris HCl, pH 7.4, containing 5 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail (Roche, Indianapolis, IN). Antibodies to integrins (1B10) or pY 397 FAK (Invitrogen) were added to egg cortex lysates that had been precleared with immobilized protein A/G beads (Thermo Scientific Pierce, Rockford, IL). After 2-h or overnight incubation with antibod-
